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An Analysis of the ‘1’01’IIX/l’f~st’ici(~I~ operational orbit:
Observed  Var iat ions  and WiIy  ’

I’ollowing its launch on 10 Augus[  1992, ‘l’of’l:X/l’L)s~hicJI)Il hcgan and continues a very successful
gl~)hal s(udy of the earth’s ocean circulation using ii combination of dual-frequency radar altinmry and
pf r~ision orbit dctcrmi  nalion. Having rcccntly  cornplclcd h primary [hrcf-year mission, this joint project
of NASA and (1]c French Space Agency CN13S (~en~rc Nation ~/1 d’Etudes .S@tiala)  has now begun a ttmx-
ycaI cxlcndcd Illission phase.

P1-ccision orbil dclcrmination  (POD)  perfor mcd hy the (ioddard  Space I~light ~cnter  (GSFC) using
Iascr ranging n~casurcnlcn[s  and dala acquired by Ihc (:N1iS (racking  sys[cm I)ORIS  (Doppler Orbi(ography
and Radioposilioning  Integrated by Salcllitc)  dcflncs  radi:{l position  relative to the gcoccntcr  to an
u nprcmicnlcd accuracy of -5 CIII rms. 1 Ile 1>01) rcsu 1[s ar~ uti Iizcd here (0 rccons(rucl the operational
[M bi[ his[ory in lcrms of prccisc  classical n)can clcIncn Is. “l-his paper dcscribcs (1IC mclhod used to cmnpu(c
n}can clcmcnls,  cs[ahlishcs ~hcir accuracies,  and idcnlifics  I hc major pcrlurhing  frrrccs  affccling (heir
V;II ia[it)n  and Ilk 1 O-day rcpca[ gruund  (rid.

Operational Orbit

l{illl~ ‘l’C)l’l;Xh)(]sci(iO1]  Illission and (mbit dcsiyn invcsllya[ions  by l:rautnick  and (l](ting2 identified
[t\<i LiL>Cd  for iiCCl]rii{c  conml  of an exact ly  ~~p~i]ti[l:  salcllite  gn~u [~d [r ark I() IIICC[ scicncc  ohjcc[i  VCS,
I’iil  Icss’ li\[CI dCl~llCd  a (iclailcd orbi[ design spaCC 1’10111  wl]ictl  II)C ()[Xl il[iollal ol-bit was ultimately SCICCIUI.
‘l’tlli Iclclcncc  orl)i[  provides an cxac[ rcpea[  ground  [rii~k  LX)VCI i n:: 12-/ orbi(s over 1() sidereal days, ptlascd
10 ;ils{) ovcr[ly  two vcril’ica[ion  si(cs  10 [acili[a(c  al[ime[cr Ci{libl  a[ion activiiics  during Ihc lirsl six nlontbs.

“1’t)c rcfctcncc  mean c]c[llcnts  prcscn(c(i  in ‘1’at)lc [ pl-(~vi(ic it near-ci{ cular froz,cn orbit  at a ]llcan
al(i(udc of” -1336 knl and an inclination  of -60 deg. [Jsc 01- :( I“rozcn orbit  rcslricts  the variation in orbil
c{ ’ccu(l-ici(y a n d  argunlcn( of pcriapsc to limil sa[cll]{c iil[i[udc variability for cnhanccd al[imc[ry
p(’rl”or ]I]iil]cc,  while  also c]imina[ing, the need fol- dcdicimxi  ltIancuvcls [o c{~n([ol  (hcsc parameters. I“IIc
scr]}i[]]a,jor  axis a,, and inclination iO define a rcfcrcncc ::rc)u nd (rack will)  a lo-day I-cpcat cycle and prccisc
ov~>rlligt](  of IIIC allin~c[cr  verification sites. ‘1’his  {unillg pl(xcss  rcquil-cs  a 20x20” gravity field [o pmvidc  a
l-r (MH] orhi(, defined by [he mean czccntricity  co and argunw.n(  01” pcriapsc  (o,, t’a]ucs  lis(cxi  in l’ahlc  1.

‘1’ahlr 1. I{cfcrencc hlean IHcnwnts  arid orhi( I)cterminatio[l Rqui! ement$  for the Operational Orbit
orhi[al Paran)clcri Rcfcrm& Value 30 orbil  l~clcrlllinaLiotl  Rquircnlenl  _ _

Scl]]in~ajor Axis dc (kI;])”” 7714.42938
-—

1 mclcr
lllclina(ion  i, ((kg) 66.0408 0.1 nl(icg
Ikx-cnlricily co (ppl]~) ()5 5 p[ml
Ar~uIl)~i)[ o!” [’c[-ialm;  0)<, ~CiIJK)  __, 90 ?() dc~ __ . . ---

l)c[”io(iic or”bil  mainlcnancc  mancuvcm (Oh4h4s)  ii(l,lltst (IIC Iliciifi scllli[[lajo[-  axis (o keep lhc S[-ound
II iick w’illlin  j 1 kill Of (Ilc [“cpealing  rcf’crcncc II iick in Illc prcscllcc  of all J>C.l”[lllt>ii[  iO1lS, wllilc also Cnsurins
[tti\[ ()[llc(” Orhila(  pal”amclcrs  rclnain wi[hin required Ii[nils.  M;iin[aining  F < ().(K) 1 provides dcsirc{i orbital
iillil UCiC  con(ml;  usc of a froj.cn orbit assures lllc I]lcal] Ccccnll  icily rcnlains  il[l order of magnitlldc  smaller
wi[llou[  dcdicalcii  maneuvers, Inclination variations ()[ -3 Ii]dLLg about tllc  rcfcrcncc mean vaiuc ~. assures
required gI-OUnd  (rack control without lhc need for inclination corrections. l:. flcc[ivc  ground track con[rol
rcquir-cs  an accurate  lllClhOd 01 computing lhcsc mean (J1 biliil  [Jill amclcrs,
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Guinn’  dcvclopcd an t)scl}latillg-({>-lllcall  clcmcn[ cx)nvcmion Wctmiquc c.onsismu wi[h Ihc slringcn[
! I -klli g[ound [rack ctjn(rt)l rcquirclncn[s.  Guinn’s  conversion Inc(tl(xi allows {cnmval 01 all ccn[ral b o d y
renal, smor’ial,  Lind ~cssc.ral harmonics, second-older J ~. and Ihird-tx)dy  pcr[urba (ions suing over a
spcci fiui lium intc(-val,  LJsually, lc)llf:i[~l(lc-dcpcl~  (iclll  gravity (mus  lead [() PCI i(xiic  clf’ccm  which average
I(J ncal--~cl(j  t)vcl a day. I lowcvcr,  such cancclla(i(jn  d~)cs  n(~[ { csul[ wt]eil  [hc sa(clli{c Illo(ion  is ncall y
Coilllttcnsul;i[c  willl  ca[-[h rt)[a(ion  as occurs wbcn Ihc salcllitc  ~wbil I(~[Xi41S  mla[ivc  [0 lhc relating ca[-fh,
Ins(cad,  resonances  a r i s e  wbcn (hc satclli[c  conlplc(cs [~ mxial pcri~xis  u’hi lc IIlc carlh rota[cs rY. (imcs
rclalivc  [[) [he ljrcccs.fi~lg  satcllilc  orbit  plane. The l’01’I~X/f’<)sci(io[]” ~round (rack rcpca[s  every 127 orbits
over - I () days, so (Ym = 127/10. Gravity terms tha( arc near- mull iplcs  of IIlis (Yu  ralio con(ributc iccular
forces. ‘1’hc fil SI - and second-mlcr near-resonan( tcrlns arc included in m ncalcd 13X 13 and 26x26 gravity
fields. The impmancc of [hcse near-rcsonan[ terms 10 osculalillg-to-ll]  earl c.lcfncnt conversion dcpcncis  on

(hc spcci fic accuracy rcquircmcn[s.

Sclnimijor  axis accuracy is of primary importance 10 cffcc(i  vc grx)uncf  [rack  con[ml.  I’fm rcqr.rirc(i

tlcie.l-ll]il~:~ii(ll]  accuracy of one mc.fc.r (h) is provided by the (; S1;(’ I;li@t I )ynamic.s  Facility (FDF)  using
one-way IMpplcr acquired via [he NASA Tracking and DaM Relay Sak.llilc  SysIcn] (TDRSS).5  “Illc 3G
accuracy rquircmcn(s  placed on (hc FIW for dctcrminatirm  of ccccnlricily  e. i nd i nation i, and argu mcnt of
pcriapsc w arc Iislctf in “1’able 1.

I;ig.  I dcscribcs  the osculating:lo-rncan  clcmcnt convci sion accuracy as a f’unc[ion of gravity field
siz.c while rcn]t)vinp all pcridic  graw[ational  perturbations aclln~ Over It) (iays.  {hc (iuI-a[ion  of onc ground
t r a c k  rcpca[  c y c l e . A~~l]rii~~  is measured relative to a “truth” ~lavily l~~(xicl. (icl’incti f’rom a 20X26
uuncalion  01” lflc 70x70”  JGM2 rnmid oblaincd  by pm- launch  f’OIj.  ] Use of IIlis lru[h IImicl  inclu(ics  tbc
cff’cc[s  of” scwrld-ol[icr  resonances. 7“tw scminlajor  axis requires a ~()~~() y avi(y Iicl(i 10 rulucc mean
clcrncn[  (’t)l]ll}l]l:iti~)ll:il  crmrs 10 a ncgiigiblc  Icvcl, wtmcas  (he. olhcr or bi[al Ixi[finlclcrs  :ictlicvc  sa{isfac[Ory
a c c u r a c y  usin:  smaller gravi[y  fickis  (I:ig. I b).
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L@ 1. Mean Ihtwnt Computation Accuracy Relative 10 26x26 Gr-tivit y Field
(Includes Removal of Third-lldy Gravity I%rturk+tions  OV{I. 10 days)

“[’()  IIlcasurc Iong-(cr  n] s{ability c h a r a c t e r i s t i c s  of the m e a n  clcI]]cII(  conversion  p r o c e s s ,  nlcan
scrllilliaior  axis values were cx)rnpu(c(f  every 28 nlin (about  ever-y quar(o  (1 I bio fro!ll 1’01)  cptlc[ucricics
(} ’01;s)  for IIIC 20-(iay pcrio(i fr-onl 3 (o 23 March 1994 (rcpca(  c yc[cs 54 and 55). [’ig.  2 con~parcs  (I]c mean
scfllimajor axis values oblainc(i using 2x2, lox lo,” 1 3X I 3, 1 7x 17, and ;? OX70° gravi(y  field sires with  values
ob(ainc(i fror]l (IW 26x26 ‘Wulh”  lllodcl.  The rfiffcrcnccs  oi cacb case. f’ror]l  (Ilc lrultl arc consis(cn(iy
unbiasc<i  across  (I]c ?()-(iay comparison interval with a pcriodici[y  sirllilar to [IIC 1 ()-(iay  groun(i track r-cpca(
cyc.lc. I;ig. 2(a) cofq]arcs  [hc osculating scmimajol-  axis wi[b ttic mean values ob(aincd  by rcnloving  carlb
(}bla{cncss  present in tllc 2x2. gravity terms. Illc osculating values vary i 7.2 Ion abou( Itlc [ruttl  rl]can,
whereas  [hc arnpli[u(ic  of (his variation rcduccs  (o H() m[crs by rcn]oving  ob]atcncss. Rcnloving
pcrlurba[i~)ns of [hc lox 10 gravity field rcduccs  (hc aluplitudc  10 fl 3.() I}tc[cls. “I”llc ampl i tude of Illc
cc)r]]l~lltatit)l];ll  errors (irops  to f 130 cm by removal of [Ilc firsl-()!(icr  rcsf)nanccs  prcscn[ in [hc 13X 13 gr-avi[y
l“iclci. ‘1’llc error  Cllvclopc rwiuccs fur(tlcr  [() f.~~ cm I)y incr~asinp lt]c ~ravi{y [icl(i ({) 17x17 ,  and  L() a
negligibly snlall  ~ I cm usinc lhc 20x2.() gl-avity field,
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l~ig. 2. Mwn %mimajo[  Axis Computatiorl  Accura(y Relative to 24x2fI (;ravity I;ield
(Rcrnoval  of {;rwpoterrtial  and ‘1’bird-hdy (;ravity Perturbations Acting Ovw 10 days)

‘1’hc results prcscnled in I;igs. I and 2 indica{cd remova l  o f  all pc[(u[t)alions  prcsen[ in a 20X20”
glavi(y  Iicld Wing (Jvcl- 10 days p[oviciexi  slablc values of ttlc Incan scmimalol” axis. l;ig,  3 su[lllluwiz,cs the
cffccls  (JI [cmovinp Illcsc pcilul-t~a[ions  ove r  periods less lhan 10 d;i>s, I n  f;i~. ~(a),  rcmovfil  o f
Pct[ull)alions  acling ovcl- jus[ onc o[t)i~al  pcliod  (--1 12 rein) mulls in [Ilc.an scnlinlajor  axis co[l]pu(a(i(lnal
mm 0( ~ .3 mclcrs. I<cmoval (JI’ II]csc pcr[urhatiolls  over one, [tmc, atld Iivc  (lays shown in I;ig. t(b)
r-cduccs lhcsc cr[or-s [0 ? 20 ml, ~ 10 cm, and 10 identically mm, lcspcclivcly.  l;urttmr  review of the
(mxllaling  scnlilnajol  axis p]cscnlcxi in l:ig.  1 reveals two sinumi(ia]  (lends, each wi[h  a lo-day period, but
out of phase by 180 deg. “1’tlis  bcl]avior  allows mean sclilimajor  axis 1’0[ this orbi( to t}c accurately
dc.lc.rminc4i  t~y removing ccn[rtil  and lhird-tmdy  pcrlurba[ions  with [m iods lhal alc any multiple 01 flvc
days. l;or convcnicncc, I () days has bccm sclcclcd [0 synctmni/,  c with Ihc ::r-rn]nd (rack repeat frequency.
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k’ig. 3. I;fl’rd of I’crturbatiorr  Removal  lrrterval  orl Mcarr Serlrimajor  .Axis  Computatiorl
Accuracy for 20x20  (;ravity l~ield ( Includes Removal of ‘Ii, ird-lhdy  Gravity  I’crturbatirrrls)
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“1’IIC individual C1”I’CCK 01’ lunar and si)lal” :liiVi[~ on [tlC Col]lllllla(io]l;il” ilC.CU1aCy 01” IllCall SC[llilll:l,jor
axIs m presented in I;ig.  4. ‘I”hc I-cl’crcnce l’or comparison is compumd by rcnmving  ccnlral (20x20) and
IIliui-txxiy  gravi(alional  pcl-tu[-balions  ac(in~  over 10 days. ignoring (he [Ililci-body  pct[urba[ions  rcsul(s in

nlcaII scmimajor  axis errors as large as f 150 cm for (hc inlcrval  simwII. I Iowcvcr,  lhcsc comparisons
indica[c liM[ iunar gravity is by far lhc d~)ll]inani ft)rcc.

}Iascd o n  Ihc I’orcgoing a n a l y s e s . mCaII  ()[bilal clc[Ilcn(s  (or ‘1’01’I;X/i’(}sci(i[lrl  arc rxjIIIpu[cLi  l}!
r-cllloving aii ccntra[ and tilird-iw[iy  J}cl-(urba[ions  acting ovc[  10 days  LJsc of a 20x20 gravity ficid
provides  lilt  one-s igma mean  clcmcnl  c(~[ll[>ll(:llioll:ii  accuracies Iis[cd  in ‘i’abic ~.

‘1’g!de 2: Mean Orbital Illc:l~ctlt_Qf~l! I~utatic}r~al Accuracies
[)rt?ital Parameters Rcfcrcnce Value I cr ~oq)~!rationat  Accuracy

Scmimajor  Axis a. (kmi 7714.42938 13 cm
inciinationio  (dcg) 66.0408 0.5 mdcg
ikcenlricily  co (pimI) 95 7 ppm
Argl!!!~g!!~gj PeQapse_(Oa(cigg)_  _. ~~. _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  ~.~cL-. --__ .– . . . . .._.. -

%.nmimajor  Axis

Prc-launch  studicsc indica(cd  ground [I ack control could bc cffcctivclv  provided by periodic removal
of accumuiatcci  scmimajor  axis decay causcxi by alon~-u”ack  forces duc almost entirely 10 atmospi~cric  (irag.
I’hc  ra(c 01 scmimajor  axis decay 01” (i]is near-circular orbit was cxpcc.lc(i  10 depend primarily on [bc 8 i -day
mean i: 107 solar flux.’ At iaunch in Augusl 1992, liw Il]can solar fiux was -125x 10’z2 wa[lsln]~/1{~, and has
slcadiiy  dcclincxi  as lhc minimum of solar cycic 22 apimficbcs,  curl-cnliy  cx[wlcd in Ia[c 1996.

“I”IIc scnlilnajor  axis decay ralc induwd  by (irag (I~q. I ) is prilllariiy  a function of tile solal- flux icvci
ald Iixs sale.iiitc area-(mmass ratio (A/m). ‘i’oi’ILX/i’t)scidon  uses sinusoi(iai  yaw s[ccring and iixcd  yaw
UOINIO1 ilmdcs (o nlfiintain  na(iil [x)in{ing li~r allinlctr  y an(i to keep [Ilc Iargc 28 nl~ solar amay (SA) ~x)in[c~i
near  [bc sun for pt)wcr lnana$cmcn~.  Wililc cxccu[ing  lhcsc at[itu(ic  control” st]-alcgics,  (1IC satcilitc  aI-Ca
pmicc[c{i  in (hc along-irack  dlrcction.  an(i al”fccling [i[ ag, val ics con(inuousiy bc[wccn (i~c cx[rcl]]cs  oi’ -9
m ~ \n(i --’22 n)~. As a rcsul(, li~c A/m of ll~c 2406-kg salciiitc  varies bet wccn -().004 and -0.009 m ~/kg.  [jig.
5 shows [ilc scnlilnajor  axis decay ram as a i’unc(ion of [Ivc 8 i -~iay  nlcan solar flux for lt]csc (WO A / m
cxumlcs.  17M solar flux Icvcls Icss lim] - [25 cxrrcricnccd  by ‘i’()[’I~X/1’()sci(it)l~, (1IC dccav rates (iuc [o cirav
arc g e n e . t a i i y  low, wwying bc(wccn - I an(i -7 cl~dciay, “

.

(/(1

(/1-- -P’’’iw[’”’” ‘)’:”]’
wi]crc p : a(lllosphcl-ic  (icnsi[y,  p r i m a r i l y  a  fum[iorl  soiar f l u x

C,, = sa[clli[c d r a g  coct’liclcn[

A/tll = sa[clli[c  area - [o  - mass ratio, varies wi(h  yaw control  mock

,N = ccnlr-ai  b o d y  gravi[a[ionai  collslan[

a = orbi[ mcau scmimajor  a x i s

d)e : C;if[il rolalion ram

/ : orl~i[  []~ca[]  il]~[il~a[](~ll

,  [Iw  orbi[ mCaII moli(]r]

~~:-=

L

(1)

so 75 100 125 1s” 175 200 225

I;ig. S. I’rdidwi Semimajor Axis [)ccay Rate [)UC to [)rag
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I;ig. 6 shows lhc mean sclnilllajor  axis hislory a(tcl- achieving (hc operational [uhi[  in Scp[cmbcr 1992
unlil  jus[ pliol 10 0MM8 OII 22 May t995. [hcb of ttlc cigbl  OMMS miscd (tic scmimjor  axis above [k:
rcfcrcmcc  value (J,, (“1’abtc  I ) 10 [ever-sc the satcllim gr(lund [rack wcs[wmi an(l thereby remain within (}w ! I -
km con[[ol  band (shown latcl  in I;ig. 20). ‘1’his process rcqulrcs IIlancuvers  tln [Ilc order (I1 3 [o 4 llll]ds
applied in Itm along-tlack  direc[ion  (nom [IM1 dWd(i : ().4(16 nll Ii/s per lnelcr I(J1 (tlis  {)d~i[).

‘l-he cxpcclcd  ln(~n(~[~)nic  decay in  scnlinlqj(~[  axis was not a l w a y s  obscrvd. Inslcad,  dlc Sclllinl:ijor
axis somc[inlcs incrcascd, suggcs(ing IIIC prcscncc  of additional along-track form, now conlirmcd  (o have
body -lixcd origins.’ Although  a credible physical nlodcl  for their  behavior [-cmains to bc more fully
dcvclopcd,  these body-fixed forces arise from ~hc combined effects of solar radiation, lhcrmal gradicm,
and molecular oulgassimg,  prmtuccd mostly by the Ialgc SA, particularly during a lixcd  yaw mode. These
pcrsislcnt forces cause ci[her orbital boost  or dcbom, depending on the satcll itc yaw control mode. g

Kig. 6. Mean  Scniimajm Axis l[istory Kased on 1’01) and 20X2(I (;ravity Iricld

Slm[ly b e f o r e  lau  IIclI,  a plan w a s  adop(cd  [o u s c  a  pitch b i a s  to offlx)in[  Itlc  S A  fronl [bc solar--
nornlal to limit peak ba[lcry charge  cur~-cn[s  during each exit  fr~)m carlh occultation. l-he usc of a pitch bias
(,currcnlly  54 dcg) cffcctivcly  regulates baucry  Pcrfor’lrlanw  bul radiation forces normal 10 ltm SA arc no[
along the sunlinc  as originally plannc{i and rcllcctcd  [hroughoul  navigation softwa[-c.  As a rcsul[, sizable
unplanned along-lrack  l“orccs accumulate; the lllagnitudc  and dircc[ion  dcpcJI(i on the spccil’lc yaw conlrol
mode. Illcsc  bo(iy-ljxcd  lo[-ccs can either oflsct  or add (0 ltlc ever-present decay in scmimajor axis induced
by a(mosphc]-ic  drag. t;s[irnatcs of these forces and an cffec[ivc  prediction mo(lcl were ncccicd to more
confidently monitor scrnimajor  axis behavior ml 10 maintain the sa[cllitc  glound track.

I%c combined effects of atmospheric drag and (11c body-fixed for’ccs on scn]irllajor  axis have been
cffcctivcly  estimated from daily quick-look orbit (ictcrmination  solulions  based on prccisc Iascr ranging
nlcasurcmenls. g A hypmduc[  of (his process is tbc mtal oncckv along -(rfick  t}or]-gravitati or):!l”  acceleration

from whicl) Ihc total rate of’ clutngc in sunimajor- axis Gan be ca$ily computed.’ Isolation of [t]c bociy-fixed
forces (hen requires I-cnmval of ttlc drag cc>lll]-itll]li(~[ls. ~’tlc integrity of (his pI-OCCSS  depends on llIc

accuracy of tbc atmospheric density mrxicl,  and this always raises reasonable concel n. Opcra[ional
navigation (asks rcpor(ed her-c have been pcrformd using the Jficchia-Robcr(s ‘(” ‘(JR) cicnsi[y  model. [hag
forces co[l)putc(i wi(h the JR dcnsi[y  n]odel arc c.ompar-cd with 111OSC  prcdic(cd by [hc I)rag “1’cmpcra(ure
Model “(l) ’I’M),  although ncilhcr  IIlodcl rcilcc(s Iligb[  data at (k l’OI’l;X/l’os(:i(  io[l alti(udc.

“ll~c yaw s[ccring period fronl  6 March [o 24 April 1994, i ncludcd in I:i{:, 6, stlows ttlc scmimajor  axis
generally cxhibilcd [he intuitive  monotonic “drag-like” decay behavior; tt~c net decay ra[c was -1 I.7
cm/day. [Jig. 7 stlows daily quick-took laser ranging Cs[imatcs of lIIC total decay I-tilc (!lIC to a]]  non-

gravitational forces valics with [hc [i’ angle, + varying bcl wccn - I () and -15 c[It/day. 1 {owevcr-,  [tic decay ralc

:)



“) ;,,,{1 .5 (.[])/(j:ly for bo[l) It IL’ 1 1{ :1[1(1Ill(iuccci by :I(lllosl)llo  ic drag al[)llc  i s  II IUUII  lL’ss, \aI  }i[]y bc[ivccn -<

l)-I’M dcnsily nNxicls,  tis Ilw 81 -day !lwan st)lai IIUX s[(’adil}  dltjppcd  I’ionl -100” (() -N). Removing  [t~c dl ii:
C1’1’cc.(s  1’1 -0111  I1lC [()[al decay ra[c provides csli[])a(cs  01” [I)c  b(xly-f ixed con[]ibu(ion.  In Ibis cxa IIIplc,  (t~~

Imdy-fixed and drag-induced ltmxs arc t)l’ silllilar  IIl:igniludt al Iowcr values of (~’, whereas (Ilc Ixxiy-lixcd
li~rccs donlinatc  at Iligher (j’, especially when lllc  orbi( is ill ful I sun ((y >55.7  (icg).

l:ig.  8 prcscnls ltlc clllpil-ical  [t](xkl  dcl’Imng  ctlan:cs  itl Incan scn]itn;ij(~r iixis induced by lt~c b(,d).
II Xcd IOI”CCS ‘1’tlc  nl(xicl defines IIlcsc cllang.cs  in Icr-[lis of a p(~lynonlial funclion  or (Ilc IY angle wllicll I)tis a
pc.ri(xiic  variation of - I 12 days. CI’llc salcllile  cxccu[os sinusoi(ial  yaw slcc[ing ou(sidc lhc nomin;il lilllils (~1
-15< ~ <15 dcg; wi[hin  [hcsc (Y linlils fixlxi y:iw modes m us(’d. A 180-dcg  yaw flip maneuver nca[ ~\’= ()
dcg ke.cps (1IC SA on (}E sa(clli[c  sunli( side.. (Jsing [hcse yaw’ control modes lhc body -l~xcd forces L’aUSC

cilhcr  orbital boost or dctmost,  cilhcr  increasing or dccrcasinf: the mean scmimajor  axis. Somc[imcs [hc
body-ii XC(I lorccs add to the ever-prcsm dcca y duc 10 drag, a Id sometimes Ihcy offset the cffcm of drag.
In either case, lhc net cffec[s  on the scmimajur  axis and salellilc  ground track must bc determined by
dynamically summing these individual forces.

~1’otal Shl A  I)CC$S~  Ra(c ~ hdy-I’ixd/Jk  =  Total -  JR  I)rag
- - - - - -  D r a g  D e c a y  (JR Dcnsily) ‘ E m p i r i c a l  hfodcl  f o r  B o d y - F i x e d  Forces ( J R )
— — — . D r a g  Drcay (l)-I’M Dcwsity) I!elaprin)c  Angle

Fig. 7. “1’olal  Scmimajor  Axis lkcay I{ate due 10 Nc)ll-(;ravitati{Jr~al Forces
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Fig. 8. Scmimajor Axis lkcay Rate  due  to Body-fixed l~orces

Over (Ilc course of [hc ]Ilission, Riclltcr’$ 17 has cvolvexl {tmorclical  IItodcls of [hc body-fixd  forces fol-
ciich yaw conlrwl  mode using cs(ilnatm  of sa[cllilc  surface propcl  tics and inllight tcmpcralurc
lncas\i[-cll~cnls.  lJiffcrcnccs  bc(wccn IIlc tt~col-c[ical  rl~(~dcls  and obscrvaliol]s  arc currcn~ly  Il]osl nolablc
d u r i n g  Yiiw  s(cciing.  espec ia l l y  wllilc (l-:insi[ioning (() and f rom ful l  s u n  wt)cn unccr(ain  SA curting
I Csponscs  in(iuccd by ttmllllal  i[llbalanccs a[c bclicvc~i ((l bc (he pl-imar-y  coII[l ibulors to (tic ot~scrvcd alon2-
(1 ack forces. Ongoing inlprovcmcnts  in lhc [hct)rc[ical models lnay cvcnlually  pcrmil  [heir opcra(ional  usc
inslcad of [Ilc IIlol”c CO1llplcx  and (cdious clll[)irical tccbniqucs currcll[ty  r e q u i r e d , Such modcli  ng
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illll)r(~jc[llc’i)ls Illay silllplil”y  [“liytl[ f)pcra[ions and Ck’clllually  alloiv  III{)IL’ c(Inl’Id(’n[  isola[ioll”  t)l” dr:iy
Ct)n[libu[lons  [Ilal could Icad 10 in]pr(lvcd dcnsi(y  Imxicls.

lJJecl()flJ()dy  -lixed I`'()rce.v otth!catl  Sct)lit)lgj()r  Axi.vattd  t/lc  S(llcllilc  (;rol(tldl?ack

‘1’IIc c[’ILcI of [IIC b o d y . f i x e d  forces on lhc scmimajor axis and sa[cllilc  Sround  track Wcr-c a s s e s s e d

during Mwcli  1994 (wllcn  ~~’ > 0) by conqming (WO precision in(cgrdl~’d  [I:l,jcclorics, one with all known
folcc  Illo(icls  activr, lbc olllcr wi[b  o n l y  (he body-fixed  f’o[ccs  luII}cd  ~)11. I’ig.  9 shows [hc rcsl]l(il]g
SCIlli[llil]()] ilXIS Vill  UC.Sj I;ig. 10 [ h e n  isolates [hCSC  Cft_CCIS  011  I1lC grollll(l [rack.  WtlCIl  all force lllOdCIS  a r c
active, itw scnlilll:ljol axis firs[ cxhibi{s  boml,  followed by a sustainc<l pc[it}ci of dcboosl  al a nearly-linear
[alco(-1  1.7c111/(iay. Wl]cl}tt]cbc){iy-fixc[i  forces arcrc[llovciil  l~cc)l’cl; lll (i{> boos(ra  [c(jrc)pssu  bstall(ially”
[{)ollly-4.~c[l]/(iay. ‘Illisrc[llai[li  [lgforcci  sa[lributdlojust”  a([]]os[>llci-ic(lt:lg.  I;arlicr  (Fig. 7), thcdccay
ra[csduc{()(ilag  wcrccs[inia[cc  Janaly(icall  yforbothlhcJR and IJTMdcnsi[y  modclsba scdon da i l y  so la r
Iluxobserva[ions.  lhcscrcsults  arcalso  shown in Fig.9 fordirW{  colil[)aris()ll  \vi[llll~c twoscri~ill~ajor axis
dcboosl  trends. The decay due to drag drops from -5 [0 -3 cntiday as [IN: 8 1-day man solar flux drops
fl”om - l(K) to -80 during the comparison period. 711c average value of -4 cm/day agrees favorably wi[b  [tic
drag cffccls  cs(inlalcd  from (hc slope of- the scmimajor  axis, con firmin~ lha[ body-fixed forces and
atmospheric drag arc [bc primary sources of observed scmimaj(m axis decay.
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l(’ig. 9. Itf’feet.s of IIody-1{’ixd  l;orccs  and  Ihag on the Nlcan  Scmimajor  Axis
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Fig.  10. Itffccts of Ik)(ly-ltixd Forces (Ill the Salcllitc  ( ;M)tInd  ‘l’rack

(“tlatlgcs ill IIW salcllilc ground (rack due 10 (Ilc Imdy-llxc(i  forces arc stlown in [;ig. 10 in [crms 01”
c(lua[[)l ial Iongiludc  dilfcrcnccs. ‘1’hc comparison S[a[-ts dull ng a Ii xcd yaw’ II](xic wlmn Ihc body-fixed
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lows induce an (u bilal bf)iml I:IIL ~)f -2,() cntiday. Wlm [hc s;{lcllilc  lcsulllcs yaw s[c(’rln:.  ltl~’ b{xiy-1’ixcd
l“orccs abruptly ctlall~c 111  1)0111  III+:  ililucic  a n t i  direc(i(~n, ini[ialiy Causing  ;i sclllllll:ljol-  axis  dct~()(]sl  Ia(C  ()[’

-.5 cnl/day, gmdual I y increasing 10 - I () mdday  as (hc ~~’ angle incrcascs.  Wt]cn ttmsc body-1~ xcd forces arc
[ufncxi 0!1. lhc of bilal  Ixx)sl Iorccs aclivc a{ (he beginning of tllc  pmdic[ion  illtcI  val cause lllc gl(mi~d (rack
(o inilially  drift easlward.  Aflc[ rcsul]~ing yaw steering, Ihc accumulated cffcc[  of rcmving  Ihc dcboosl
forms  causes llw grt)un(l (1 ack 10 dl i [’[ inc[-casingly  wes[ward.  1 ‘or  [his cxalllplc,  Itlc  ncl i nk’gralcd  ctlec[  on

[hc samlli[c ground Ilack Imxlni(’s  signi[ican[: - I 20 mc[crs afm  30 days.

Itffcct  of Solar’ Radiation I’rcssure  on the Mean Seminlajor Axis—
Solar I-adialion p[rxsurc  Il:is only mo(icsl  cffccls  on lhc scmimajo[ axis and ground  LI-irCk  bccausc  its

in flucncc averages [o near-zero when [hc orbit is in futl sun (~’ >55.7 dcg); lhc nc[ cffcc[  during occultation
periods is qui[c small conlparcd [o olhcr perturbing forces. While of secondary in(ercsl  in [his ground  track
control pmblcm,  the cffccls  of solar radiation pressure have been included for con~plclencss.  l:ig. 11 shows
the change in scmimajor  axis Ior lhc six-month period bcgillning  on 1 March 1994. Conlpu(cd daily,

differences in the mean scmin]ajor  axis exhibit periodic behavior with  pctik an]plitudcs  Icss (ban i 15 cm.
Ihc smallest crms occur during peak ~~’ when lhc orbit is in full sun; the maximum crrms occur near fi’ = 0
when (hc occultation in(crvals wc grca[cs[.
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Irig. 11. VITects of Solar Radiation I’mssurc {m hfean  Semim:\,ior  Axis

inclination

“1’tlc mean inclination  anglc f~)[- [hc ‘1’OPI~X/Poscicion  rcfcrcncc mbit  (1’ab]c  I ) is a dircxu bypmiuct of
(hc orbit and ground (rack design process dcscribcd earlier. To mainlain the repealing orbi( ald verification
site ovcrflighls,  it is ncccssar-y  II)a[ [hc inclination remains very close 10 [hc I ClCI-CnCC  value (’1’able 1). Prc-

Iaunch  anatyscsb indicalcd  tha[ ~ravitationat pmurbations  duc to the sun and II)(X)I1  MUSC pcrimiic  variations
in inclination, cxpcctcd 10 vary f 3.8 mdcg aboul the rcfcrcncc  value. Tlmc analyses also indicated lhal
inclination variations arc ncgligib]c  for non-gravita[iona]  pcrlul  balions such as solar radial ion pressure and
atmosphc]-ic d[-af:. ‘1’tm g( oun(i [1 ack targeting proce(iurc  absorbs  these incl ina[ion variations by suitab] y
adjusting l]lc  nlcan  SCIlllnllljo  I” axis (t> IIlaintain the repeating ground  lraCk willlin I i klli,  lhcrcby’  cli!]linating
(Iii ncui  for inclinalic~n cx)mclions  dur-i ng [hc (hrcc-year prime lnission.

Observed Varititions  01”1 nclination——

Since firsl actlicving  the opcr~tional orbit in Scptcmbcr 1992, lhc observed mean inclination has
cxhihitcd  [hc cxpcc[c. d pc[ iodic va[ iations about  lhc rcfcrcncc \ratuc. l)uring  ]992,  [hc p e a k  al]lpli(u(ics  o f
these variations were -3.3 nMcg and -t 3.() mdcg; more reccntt )r these amplitudes have shi ftcd posi[ivcly  10
-2.7 nl(tcg and + 3.7 nvdeg. “1’hcsc  variations arc a co]nhinatio]l  of several clearly dis[inguishablc  periodic
conlponents of 12, 58, and 173 days. l’here arc also very long periodic variations which have bccomc
noliccablc aflcr  lhf-cc years, lm~ IIlcsc amplitudes appear to bc quite small. 1’1 c-launch analyses indica(cd
[Iu][ [t~c major coillponc[]ls”  a[c duc [() IIli[-d-body gravi[alional  f><’[-(llrl~a[iol~s. ‘1’able 1 Iis[s  ttlc  a[llpli(udc  and
pcrl~~d of ttlcsc pc[ lurba[i(~ns, I:]g. 12 shows that lhc inclination varia[ion  abou[ [he rcl”crcncc value

concla(cs  very well wilt] (he. (1’ anslc, as dots the ampli[udc of Ihc Pcric)dic corllp(mcn[s.  ‘1’hc. an]pliludcs arc
lligl]cl  wl]cn IIlc (wbil is in full sun ([t’ >55.7  cicg), wtlile Itlc mean inclination  is always g[ca[cr [Ilan lhc
[cltimncc  value dul”ing twulla[k)ll pcl-iods.



I;igtu  OMMS Ilavc Iwcll ill]plclit~ll[~k{l SIIIC’C Sc[~[clllbcl-  1992 . “i’tl~s[. S[ll:{ll  Illallcu\fcIs  (3 [() 5 [1)[11/s).
appllc’~i in [tic along -(rack  dirccx ion [() IaISL’  scllli[]]alf)r  a x i s , h a v e  lMt a ncgiigiblc  cll’ccl 01) lIw  (M bl[
i[wlina[ion.  only uI}pla I~INM  cross - t rack  ct)uqx)ncn[s  could  al’1’cc[  i n c l i n a t i o n ,  but  [hcsc vck)city  magni[ud~’
cm)[s arc exlrcmc]y  slllall  (nolc tllal  d\J\<li  : 125 Illllds  pcr mdcg applic41  n(mnal to (IIC (Jrbi[ plane).

-.

‘1’able 3. I’criodic  Inclination Variations duc to the Siln  and Moon ( gravitational I)erturl)ations
[’crt(!rbi ng I;orcc AIIIpl  I[udc  SIjdqQ I’,rioi  0( Variation (days)
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Irig. 12. observed oi bital inclination Angle

‘1’k obsc[-vcd  or dcfinilivc  inclination includes variations duc (0 tmh mmlclcd  and uI~mOdclcd
perturbing forces. l’hc behavior is prcdic[ablc  when u nnlo(lclcd pcrlurbalions  have a negligible CIYCC(.
I’recision tl-ajcdory  propagation sof(wam wi[ll all known models aclivc  was used [o gcncra[c  a six-lnor][ll
trajccto[-y beginning I March 1994. ‘I”llc prcdicled i nclina(ion  was colnparcd over (his period wi(b IIw
ciciinitivc  inclination (iclincd  by I’OIJ. I:ig. I 3 strews inclination diffcrcmccs al-c quilt small, imiica[ing  (1IC
importan(  nmicls arc WCII known and tt~c resulting inclination variations arc Imdic[ablc.
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I:ig. 13. I)iffcrcncc Between  [)efirlitive  arid Predicted inclination
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I’rr(urbation  ,AI)alysL’s

I;ig, 13 cs{ab]isi~ui  LI~aI II}C observed inclina[i{)l]  val-ia[i~~ns  al-c pmdic[ablc  and allribulablc  10 know’11
n]odclcd Pcr[urbalions.  A dc[ailed analysis cslablisbcxi Ilw c~)nll-ibutions of MCI) perturbing force usin:
prc~’isi(~n tr:ljcc.[ory  sof(warc [0 gcncl-a(c  individual tr;i~cclor-ic~  covering lllc six-month period beginning I
Marc!] 19°4. [nclinaiion variations due 10 each Imlurbing f[mcc WCI”C dctcl mined by [urning  i ndivi(iual
liio(icls off a[l(i cO1llpar-ing [he [csul[ing  trajccxory par;il]lc(crs  wr[tl Itlc ml”c.rcllce case wi(b all Inodcls ac[iv~’,
‘1’lw cor-{cs~>(~[l(iil]g  mean clcmcn(s were [ii ffcrcncc(i (0 isolalc inclination va[ ialions.

SIIII  and  Moon Gravilationai A ftroclion

[’[c-l aunctl  slu(iicsG asscssc4i’ihc cffcc[ of [bird-txxiy [<ravl(il{iollal pcrlul  bations on [be salclii[c  gmun(i
[I ack fmn) which the inclination variations were also cslabl isbe(i.  ‘1’hc inilial analysis was conduc[cd
analytically to (ictcrminc  (bc individual cffcc(s  of ttlc sun and moon and then verified using precision
i nlegratui  [rajcctorics.

‘1’hc inclination variations due [o lunar gravi[y  arc (ionllna[~i by [l]c 173-day and 12-day  priodic
conlp)ncnts  (lJig. 14, Table 2). However, closer inspection illdicakx  [hal there arc also other significant
perio(iic variations, Analytical s(udics cslablishcd [be ampli(u(ics and periods of four disii ncl components;
IWO have an~plitudcs of -0.1 and -0.54 mdcg, with pcrio(is 12.6 and 11.7 days, rcspcctivcl y. Tbcsc two
variations appear as a single perturbation in Fig. 14. ‘1’hc ampli(udc  of the 1 ‘l S-day periodic component is
I.33 m(icg; (hc other periodic cmqxrncnt  has an 87-riay pcri(xi an(i a (). ~-nl(ic~ amplitude.
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I;ig. 14. inclination Variations due to I.unar  and !+)ltir (gravitational I’erturbatiom

‘[ ’tml”c arc five significant periodic colllponcn(s in (tic incllna[ion  Varia[ion (iuc (0 Solaf gravi[y.  These
varia[i~)ns am syncbroniz,ed  with the ~’ angle (lJig. 14). ‘1’bc (iolninan[ componcn[ has an amplitude of 1.24
ll~(icg an[i a [w.I-ioci of 58 {iays,  about half [he perio(i  of (~’. Onc cornponcn[  lm a pcrio(i of 17S (iays,  - 1.S
[inm (he (Y period, and an amplitude of 0.66 mdcg. Two conlponemts  have periods of -87 days, or about
lbm-qualters  of (hc O’ pcri(xi, with anlplitudes 0.35 and 0.16 II Idc.g,  rcspcxdivdy. ~’bc fifth component  tlas

a lx:ri(xi  of 9.3 years wi[h  an anlplitu(ic  of 0.S8 mdcg. ‘1’tlc in flu f,ncc of [his CO II IpOnCnI  bccan~e  evident only
al”tc’I  [w()  ycaIs of [llission  opcl-a(ions  (l;ig. 1 2).

‘1’hc siz.c an(i shape of inclination variations (iuc [() both IIIC  sun an(i lnoon arc alnmt i~icnlica] 10 ttw
[)t)scl vcd variations (I;igs. 12, 14), in(iicating  lllcsc lllir&b~x~y (or-cm a[c (he [)ti[l]ary  source of inclination
variations, l~c(wcen  March and August 1994, the mean inclina[ton  valid bc(wccn  -3 mdcg and +3,5 m(icg
(iuc I(J lt)ir(i-bo(iy  ~ravilational  pcrlurbatiom.  I“hc amplilu(ic  01’ lllcsc valia(ions incxcascs  wi(ll p’, as son]e of
IIw pmio(iic  variations incrcasc when ()’ is higbcr.

Ijj_ccls  of Solid Ii.rrlh  Tides and  Solar Radio[ion l’rcssuf c

‘Illc [i(ial forces in(iucc{i  by lunar an(i solar gravity  caus(.. s[llall  variali(~ns  in inclination. }{owcvcr,
IIlcsc  Vill  ialions bcconlc signilic.an[  wbcn consi(icring [tic s[ri nj’cnl ‘1’ol’I;X/l’osci(i(JIJ” gmun(i (rack con[r-r)l
rcqui[cillcnls.  ‘1’bc (i(ial cflcc[s  arc all]los( an or(ic[ tll’ lllagni(u[lc  sulallcl  lt]an [bc ~tli[-ci-bo(iy  gravitational
[N[-llil-ll:itiolls,  but (he signature  is alnms[ identical and a slmng l“unclion of [hc [t’ angle. liig. I 5 shows the
lilag[]i[u(ic  of (I1c (i~ial cf-fcm  viii-ics bc[wccn -().4 anti -t ().3 mic!’ tmwccn  Ma[ch and August  1994.



‘1’11<’  lllcl In;il IOII vaIIalIon (iuc [(} dircc[  solar radial ion prcssur~’  IS vt’ly sllllill, :Illd It)l a l l  prac[j~;ll

pll[  poses Illay bc [KX!lccwi. I lt)mY2VCI-,  (tmc vwia(ions  arc old y a hIncLl(lll 01” Ilk’. [~’ iinglc., Sllt)wn  in I;ig, I 5
10 imcasc wi[b  [~’. Ilowcwr,  during  full-sun periods the val ia{ions remain conslant: Ik nlagni[udc is a
I’unclion 01” [tic i)cak  [3’, “1’lw pclio~i 0[’ val-ia[i{)n  (56 10 S9 da~fs) is ball [tic (~’ pcl-i(~d;  [bc alllpli(udc  was c
().08 mdcg bc[wccn March ami August 1994.
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l~ig. 15. Inclination Variations clue to ‘l’ides and  Solar Radiation I’rrssurc

O~lm forces

I’lw inclination  variations duc to ll(JI1-gravit:tlioIlal  f(mcs  such as alllios[)l)eric  dI-:ig and b(xiy-fixc(i
fores aIc negligible ‘1’hc ro[a[ing atmosphere t]as solnc cffec[  on inclina(it)u,  bul negligible compared to
val i:i[ions induced by lunar ami solar gl-avi[ational  Pcrturbatiom.

ftffed o!” 1 nctinfition  Varititions  on  the Ground ‘l’rack

‘1’l]c  dcvia[ioll of inclination from [be rcfcrcncc  value affcc[s [lIc ground (rack in IWO ways. “1’bc
cqua(otial  c[ossing slowly dcvia[cs due [0 variations in inclination. “1’hc nodal pcrimi  is a function  of
inclinaliwl. A onc-ltldcg  dcvia[ion  in inclination cbmgcs equatorial crossini~s by -280  lnc[crs af[cr a 30-
dtiy Slound (rack pmiiclion. ‘x ‘1’l]c  maneuver targeting process accounts for i mli IIatio[l-i[l(illcc(i  variations
in gr(NIIKI (lack ptcdiclion  and a(~jus(s  sclninlajor  axis accordingly st) tba[ fu(urc nodal crossings remain
witt]in [be mqui[cxi ~ I -km control  Iinlil. “[’his procc.ss  rcquilcs  predicting [Ilc ground track for several
nwnlbs aflcr  cacb mancuvc[-  (e. g., I:ig. 16). llowcver, tbc s}gnalure  of inclination vwia[ions  is clearly
Icflmcd  iil lbc groun(i Ilack, par-(icularly  wbcn the mean sclnimajor  axis is w’i[hin a fcw nlc[crs of [hc
rclc[-cllcc  value (1’able I). I’bis  si[ualion  rcduccs (hc ground  II ack drif[ [-a[c I clali vc 10 tbc t-cfcrcncc  [rack,
nominally (KXMII ing whcm Ibc gr(wn(i  (rack nears the wcslcrn c{mml  boundat  y (c. {:., I;ig. 20).
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lri~.  16. Comparison of (;round ‘l’rack aml  Inclination Variations

‘Ihc inclination  crm)r also afl’cc[s [he ovcrlligtl[  accu[-a{y of [w’() vc[i(’ica[ion  si[cs wllicb  mus[ be.
ll~ailltaimi  wi(bin  ! I kn~. ‘1’lw Iali(udcs of bo(b vc[ifica(iot~ silts arc -35 (Jcg N: [l~c NASA site is OH

11



llaIvcsl I’iallt)llll off 1’[. (’(JIlccp[I{III. (’;i..  [Iw C’NI;S s i l t  I S  mm l.a II IpL’clu\a  Island  in [Ilc  LIL’~lll(.II:II~L:II~
sea.  “1  IIC Valla(l(!ns  In lIlclr!la[If.~11.  L ’ : ! l . i s , :  i!!) (.~!lsc(  1!) (!W Vel!l!ca{loll  Sl(c ov(’llilfgl[  Cvcll  Ii Illclc  I s  1]()
diffcrcncc  bc[wccn  (11C Wual  atld  rclcrcncc  nodal  crmsings. ‘1’hc scnsi(ivi[y  01”  ltlc s i l t  ovcrlligl]l  l(~llgilu[i~’
[0 variations  in inclination is:

(?)

RN UIC ~NE$  verification site, d[~ili  = 74 m/mdcg.

Eccentricity Vector and the ]Jrozcn  Orbit
I:ol]owing launch on 10 AUgUSI 1992, a six-maneuver [mbit acquisition Scqucncciq Iasling 42 days

placed 7’C)I>IIX/I’IJscicloIl in hc operational  orbi[  (-l’able 1), including acbicving  froz.cn orbit condi t ions .
Usc of a frozen orbil Iinlils variations in Ibc argument of pcr iapsc and ccccntr-icit  y, resulting in rcduccd
variability in orbi[al  altitude for cntummi al[imctt-y  performance. Also, the frozen orbit  climina[es  [hc need

for dc4iicatc41 maneuvers 10 main[ain lbcsc ccccn[ricity  vcc[or  (c, co) parameters.

l~roz,cn mbit  conditions arc realized IIuxm:, h [hc balancing of [be secular pc[-turba[ions of [k even

renal harmonics will] tbc Iong-pcl-iod  pcrturha[ions of tbc 13(1(1  zonal harmonics. z” Physically, Ihc f[omn
t)Ibi[  i s  [ypically  a[[ribulcd  10 lhc caIIcclla IIOIl of J{ pcr-turb ations duc to lbc car[h’s obla[cncss, >’ “
I)cvia[ions  from this ideal s[ca(iy s[ale I cad 10 closed curves in the (C,(0) pbasc plane. “Iksc cur vcs can
rclllain  ncarl y closed even undc[ [he I nll ucncc 01”  Iloll-gravi[:i[iotlal  pcl-turba[ions  such as drag an(l s(JlaI
radia~ion  pr-cssurc.  I:or most fr-ozcn orbiw.  including “l’Ol>lIX/t’(}sci(t(lll,  tbc pcl-iapsc is fr(Mcn a[ 90 dcg, ‘J
aIKi [k ccccnwicity  is vcr-y  low (< 190 ppII l).

‘1’hc ccccntr-ici(y  vcmr conditions acbicwxl by [bc orbi[ acquisition scqucncc  were c = 142.9 ppIII and
w = 90.6 dcg, compared 10 [argc[ values 01 r = 95 ppm and ro:= 90 dcg (Table 1). ‘I”bc closed ccccn[rici[y
VCCIOI contour shown in l:ig. 17 dcscribcs the cxpcckxt bctlavior  wbcn perturbed only by a 20x20 gravi[y
fickl.  ‘1’his  contour moves c~)ll[~tcrcl~~ckwisc.  about  tbc dcsijy point m = 90 dcg and has a period of’ 26.-/4
n]onlt]s.2$ Obsc[-vcd  values 01” (c,(d) slloivn ill I;ig. I‘/ have I)ccn sepal-atcd in[o groups followirlg  ca~’tl
OMM. While these groups gcncrall y f~)llow (IIC cxpcclcd  counlcrclockwisc  nwvcIncn(  of [bc I’mcn  or bi[. il
is olbcrwise difficult to observe more dc(ailcd Icaturcs which r] lay be caused by cacb OMM, or at{ I-i butat~lc
10 fxmurbations olbcr  (ban car-tb gr-avily.

0 I)i.sign I,oir,  t ‘1.’comu  C)rbit  F.ttv elope O  Af,,,  (]MM1
-0 Aflcr 0h4M2 O  Arter C)Mh13 0 Af(m  0hlhf4

A  After Ohl N15 _=--Arter  0Mhi6 ~Aflcr OMhf7
.- Afler OMMR

1 6 0 , ————  ——— 1

I:ig.  1 7 .  (Jlmtwcd  Ecccnhicily  Vector (q m) com[mred to the 1’1 cdictcd  I:romn orbit

‘1’IIC achicvcd  lllca[l  cccclllricity  and ar~gul]lcnt of pcriapsr arc colnparcxl (Jvcr [imc wi(tl  lhc cxpcclcd
i’ro/.cn  viil(lCS in I:igs. 18(a)  and (b), Ics[wcIIvcly.  ?Ilis cxa]llilla[ion  r e v e a l s  l~(~wr  [tic ONIMS  jIavc :if(c<’[cd
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l~ig. 18. IMfcx-ts of Maneuvers on the  ltccentricity Vector (c, (!)) l’aranwtws
( i i )  Mean  Kmcntricity,  and  (b) Mean Argument of I’criapse  (AO1’)

“Ihc ]Ilaxilllulll {icviatiOns  01- the 0bSCI-VC4i  (c,@) values Jmnl the up[ia[cd llozcn  prc41ic(i0ns  cm[-cla(c
very WCII wi[h [3’ angle variations, as shmvn in Figs. 18(a,b).  lhring perio(is 01” peak (3’ when Ihc orbit is in
fIJll sun, IIm obscl vcd mean ccccnlr-ici(y  is always less [I]an the frOm~ \Ialuc ([~’ > ()); this tICIId rcvcrscs
w’hc[l [3’ < (), I’his Iwhavim  is causc(i  hy sOlar ra~iiali(~n  pI-L’SSUI-C,  as stl{)vn ill I:ig. 19 fOr- (Ilc six-lllon(h
[u”iod Imginning  1 March 1994. l:or  the three [3’ cycles in~.lucicci in ll~is saII~plc comparison, IIIC II~can
cccm(ricily  ciifl’crcncc  cxhibi(s  [he SaIIIC [Y-dcpcmicn(  hct)avim. “1’IIc aIguIIIcIIt  uf pcriapsc cxhibils
maximum dcviali  Om fmm the updated fm~,cn values near ~{’ = () whcII sf)lar riidia{iOn  pressure has (hc
PIMICSI cffcc.t (lLlri]l:: tllcl(~llgcst  c.;irlt] oc.cl]l(ati(ll]  iIlt~’Ivals..>
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k’ig. 19. MTects of Solar  Radiation I’rwssure  on Meatl lkcentricity  amf  Argument of I’eriapse

Variations in ccccn(rici[y  (&) also affect qua(orial  crossings  of tbc salcllitc  ground track through
variations in [rm anomaly (Afl. I:or’ a near-circular orbi[  & =2Ac  sinM, wlm c M is the mean anomaly.’7 A
Iypical  ccccnlricity  error of -10 ppm would cause a maxilnum  AJ =:2 x 1(15 radians, equivalent 10 a
cquamriai crossing liming crmr Af = <Ylu == 22 m. 11)0  ampliludc  of the corresponding equatorial longitude
error AA = arcAf = 10 m. “1’his longiludc  error sys[emalically  oscillates with Cxpcc[c(i variations in ttlc
argumcn( of pcriapsc.

Ground  Track 1 listory

As 01”13 July 1995 (I]c salclli[c  tlad coniplc[cd  13, I 16 orl)i[s since l~rs[ acllic.ving IIic opcra(if)nal rrrbi[
of] 23 Scplcnlbcr  1992. of [his (oml, only 95 asccndil)g nodal crossings (- ().7%) bavc been oulsidc [hc
! I -k[ll  gmunci [lack conml band, and []\csc viola[iom WCI-C volun[ary  [() provide additional analysis time to
tm[lcr c.hal-ac(crim  the behavior of’ the body-fixed forces before execuling OMM I on 12 Octotmr  1992. A
Iotal of seven actdilionai OMMS have been cxcculcd since (hen, cacb dcsi~ncd  to provirtc  tlm maximum
p[-ac[ical  spacing bctwccn maneuvers. As can be scccn  from I:i!:. 20, [I)c inalmrvc[-  spacin{<s have gcmcral]y
incr-c.ascd,  [l~c spacing bc[wccn OMM”)  and 0MM8 bcin.g (he Iargcsl al 22S days. MancLJvcI spacing and
IJlacc[l]cn(  have sonlc(ilncs been cnhanccd by modifying lhc nominal [3’ angle values grrvcrl]ing entry in[o
and oul of (1E fixed yaw modes, ~L ‘1’t]is  s[ra[cgy u[i]iy,cs  (bc Iargc body -fixd forces during fixd yaw to
aim h [iu[-ti(ion of orbi[al  txm( or cicboosl  forces to slowly a(ijusl [hc mean scmimajor  axis by [hc desired
anmunl and (hereby rc.fine. ground [rack motion.

I;acb maneuver bas been CXCCU[CA  as (hc ground (rack  a])proachcs  (hc castcm conlml  boundary after
Ibc mr.an sc.mimajo]-  axis had ~iccaycd below the [-cfc[cncc value (see l;ig.  6). ‘1’tm no[llinal  slI a(cgy h a s

been (o CXCCUIC  each OMM a[ {hc ncx[-to-las[  cycle boundary before lhc gmun(i (rack  would exit the cas[crn
c.ontl”o] bOlll]dal”y.  ~his  CO IISCWall  ve praCtl CC prOVldCS  an OMM backup oJlpor W nit y still inside the control
band, if for any mason W nominal maneuver dots not occur as planned.

[)is(inct  and ill~pol-(an(  features in II]C .gmun(i  [I ack behavior arc (hc oscillations dL]ring [bc wcs(crn-
mosl  lravcl  bclwccn  cacb OMM. I’hc prccisc  nalurc of these oscillations depends on [he complex
c(~nlt~i  na(ion  of tiI]]c-(lc[)cl}(~cfll  in~lucnccs 0! lUnaI- and solar glavi(y,  all]]osl~}lcric dra~,  txldy-lixcd  forces,
find I!IC cuucn(  value 01” the Nican scmimajo[-  axis. ‘1’IIc IUIMI  and solar gravity i n f l u e n c e s  bcconlc  1110S(

prol]]ilml( wllcn the gmun(i  (I ack drif(  ra[c slows wtlcn (t]c mean scillill]ajor  axis is wi[llin a fcw mc(crs  of
(IIC rcfcrcncc value. LJn(icr  lhcsc conditions [bird-bo(iy gravily  forces CNISC lhc ground (rack 10 oscillate
wi[llou[ significant nc( drift. I’his behavior is nlos( pronlincn[  under low-drag  conditions (1:10.7 = 80).
wt]crcas  (1]c third-body pcmrbalions  can bc somcwhal  masked when the drag ICVCI is bigbcr (l; 10,7> 200).

Summary

“1’tlc ‘l’OI>I;X/l)osci(ioIl  opcI a(ional or%i[ and IcsL]l[ing gr(~und [f ack bcluiviol  have bwn anal yzcd and
cxplainc4i.  All accu[acy rcquircillcnls  have  ken nwl m surl)asscd.  In parlicul:tr,  the opcra[ional o rb i t
deter IIlina(ion  suppol[  proviticd  by ltlc ~JS[:CYI;t)I; using [r:icking  da[a acquirmi via ‘1’[)[{SS s u r p a s s e s

rcquitcmcnls,  due p[ imw i 1 y {0 improved car(b gravil  y nm{i~:l ing accuracy nol rcflcc[c(i  i n prc-launch
plal]ning  (“1’able 4). Mean od~i(at clcII~cn[s  conl[xr[ai  fronl  f;l)l: orbit dc(cI  [Ilina(ion  sotu[ions agree very
wdl will] value.s in(lq~ndcnlly  ob[aine4i  from precision orbit dclef-n]ina(ion  rcsul[s. ‘1’bcsc man clcmcnts
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‘l’tlcol-l>il  il]c]itlati()l]  atl(iccccll[Iicily  \cc[()r;~ar-aillt>  tt:r-s havCbc’l]a\’C({  aSCXpCKICd,  an(iarcexpcc(c{i
10 t)(`llflvcs  ill]il; tlly(l~lrill  g,tl]ctt  ]lti~-yf::i]  exlcndcxi mission. “[’he  inclin:l[i{)ll  cxllihi(s  periodic. variations of
.; ~,~ lll(i(,y at)olj[ [}lc ]cf’c.rcncc  \IalUC (]u C alnlost entirely 10 Illllilr’ an(J  solar glavita(ional  perturbat ions.
‘1’hcsc.  tlcl~:.[lllitlisiic: pcltulbations  have a significml CH”C.CI on Lt]c. sale.llitc gl-t~und track, but arc c.asily
conlpcnsatcd  for when adlus{ing.  lhc. scmim~jor  axis 10 conln~l (he ground lrack. ~’tlc ccccntrici(y  vc.ctrrr
pro\idcSii  f'l-{)zct~ ()rt>il, li~l~iti]~g, variaLi(~i\s  i~]lllc ccccl~tricity ii1](i argun~cnl oi’pcriapsc.  Analysis showJcd
(lis[inc[,  iilbc]l  s]llall.  ~l]iin~es  in cccc.ntrici(y when 0h4Ms  W’C!’C cxcculcxi,  cl’cn though the  maneuver
]l~ilgnitudes were. only 3 to 5 mHds. Also, eccentricity vaI-iations  on ttw ordcI”  of +2(1 ppm have. been
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